The major constituents of isoflavones daidzein (DZ) and genistein (GE) interact with the and estrogen receptors in several tissues including mammary tissues. In this study, we used ovariectomy (OVX) to model menopause and determined the effects of DZ, GE or 17b-estradiol (E 2 ) exposures on chemically induced mutagenesis and carcinogenesis in the mammary glands of female Big Blue transgenic rats. The rats were fed control diet containing the isoflavones and E 2 and treated with a single oral dose of 7,12-dimethylbenz[a]anthracene (DMBA) at PND50. Animals were euthanized at 16 or 20 weeks postcarcinogen treatment to assess mutant frequencies (MFs) and histopathological parameters, respectively. The isoflavones or E 2 supplementation alone resulted in the lac I MFs that were not significantly different from the MFs measured in rats fed the control diet alone. DMBA exposure, however, induced significant increases in the lac I MFs in the mammary tissues of both OVX and INT rats and Hprt MFs in spleen lymphocytes (P < 0.01). In general, feeding the isoflavones or E 2 did not cause any significant changes in DMBA-induced mutagenicity in the mammary tissues. However, feeding the isoflavone mixture (daidzein + genistein; DZG) resulted in a significant reduction in the DMBA-induced lac I MFs (P < 0.05). Cell proliferation as measured by PCNA immunohistochemistry was increased in both OVX and INT rats exposed to DMBA as compared with rats fed control diet (P < 0.05). Mammary histology indicated that hyperplasia was induced in most of the treatment groups including control. Although DMBA did not induce mammary tumors in the OVX rats, adenoma and adenocarcinoma were detected in the mammary glands of INT rats.
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Introduction
The major components of soybean-derived isoflavones daidzein (DZ) and genistein (GE) have been suggested as chemopreventive agents for certain types of cancer, particularly breast and prostate (1) (2) (3) . Besides DZ and GE, soy products contain other constituents like saponins or antioxidants that also have health-promoting properties (4) .
Consequently, there is a growing interest in the possibility that dietary phytoestrogens may be an alternative to postmenopausal hormone replacement therapy, partly owing to concerns about side effects and long-term health consequences of hormone therapy. However, studies conducted using in vitro systems and animal models indicate that these substances bind to estrogen receptors and exert hormonal and anti-hormonal effects (1, 5) that may influence cancer development.
In addition to their estrogenic action, soy isoflavones are known to exhibit certain biological activities including inhibition of angiogenesis, topoisomerase II and tyrosine kinases (5-7), which may be detrimental to the host. The potential for such activities of the isoflavones to invoke cytotoxicity in the host cells has been demonstrated for topoisomerase II inhibitors (8) . Inhibition of DNA topoisomerase enzymes that function in DNA cleavage and religation during DNA replication and repair by GE has been shown to cause DNA strand breaks (9) . Accumulated evidence indicates that isoflavones are not only clastogenic (10-12) but that they also induce gene mutations (12, 13) . Moreover, GE has been shown to enhance chemically induced tumors in the colon (14) and in the mammary gland (15, 16) . Thus, it is conceivable that the biological effects of DZ or GE may be deleterious and possibly cause DNA damage that can potentiate the carcinogenesis process (17) . Although the intake of soy isoflavones in Western cultures is much less than that consumed by Asian countries (18, 19) , dietary supplements of isoflavones are on the rise. Thus, the need for more studies to elucidate the potential genotoxicity or carcinogenicity of these compounds is warranted.
Previous studies in our laboratory suggest that chemically induced mutations in both target and non-target tissues using both the Big Blue (BB) transgenic lacI and the Hprt assays (20) (21) (22) (23) (24) (25) can serve as an indicator of carcinogen exposure. The uniqueness of BB rats stems from a transgenic mutational target that facilitates the measurement of in vivo mutations in any tissue with sufficient DNA for analysis. The strength of the Hprt assay is that it is one of the few genes suitable as a marker for mutation induction in animal systems and in humans. In rodents, the frequency of Hprt mutations is determined in populations of T-lymphocytes isolated from the spleen or the peripheral blood. This assay is limited only to circulating blood lymphocytes and was used in this study as an adjunct to the lacI assay.
7,12-Dimethylbenz[a]anthracene (DMBA) has been widely used to conduct hormone-dependent carcinogenesis experiments and has tremendously increased our understanding of chemically induced tumors in the mammary gland (26) (27) (28) caused by environmental carcinogens in vivo (21, 22, 25) . Thus, to evaluate the potential genotoxic effects of DZ or GE either alone or combined with a carcinogen, we have treated transgenic BB rats with a single dose of DMBA, and have conducted a mutagenesis assay in the target tissue, mammary, and a surrogate tissue, lymphocytes. Additionally, histopathology and immunohistochemistry were performed on the mammary tissues 20 weeks post-carcinogen treatment. Although menopausal women are not entirely devoid of estrogen, BB rats with or without ovaries were used as models for pre-menopausal and post-menopausal conditions, respectively. Further, 17b-estradiol (E 2 ) was used as a positive control for both treatment groups.
Materials and methods
Chemicals DZ (lot 1-FSS-31-1) and GE (lot 6-ECGW-83-2) were purchased from Toronto Research Chemicals (Toronto, Canada). Purity as determined by nuclear magnetic resonance, desorption or direct electron ionization and gas chromatography/mass spectrometry and liquid chromatography ultraviolet analyses was >99%. DMBA and E 2 were from Sigma Chemicals (St Louis, MO). Transpack in vitro l-phage packaging extract and 5-bromo-4-chloro-3-indolyl-b-D-glactopyranoside (X-gal) were obtained from Stratagene (La Jolla, CA). Mouse monoclonal anti-PCNA antibody was from Clone PC10, Dako Corporation (Carpinteria, CA). Biotinylated goat antimouse immunoglobulin G was purchased from Boehringer-Mannheim (Indianapolis, IN), while Streptavidin-conjugated horseradish peroxidase was supplied by Jackson Immuno-Research Laboratories (West Grove, PA).
Animals and diets
During the course of this experiment, we followed the recommendations set forth by the NCTR Institutional Animal Care and Use committee for the handling, maintenance, treatment and killing of the animals. Female BB rats were obtained from Taconic Farm (Germantown, NY) as weanlings and housed three per cage. BB rats were fed isoflavone-free, NIH-31C diet (29) . NIH-31C diet has the same basic formulation as standard NIH-31 rat chow (Purina 5K96, Purina Mills, St Louis, MO) except that the protein contributed by soy meal and alfalfa was replaced by casein and the soy oil by corn oil. Beginning at 5 weeks of age, groups of rats were fed either the control diet or a diet containing DZ or GE at the following dose levels: 0.25 g/kg diet or 1.0 g/kg diet separately, or combined (1 g/kg diet each of DZ and GE) until the end of the study. At various times serum levels of DZ and GE determined from control and isoflavone diet-fed rats by reverse-phase HPLC indicated that rats fed low and high doses of GE had levels ranging from 15-100 nM to 170-570 nM, respectively. Also, the level of a metabolite of DZ (equol) was detected in the range of 500-1500 nM for rats fed low-dose DZ and 3000-7500 nM for rats fed high-dose DZ. Among rats fed the control diet, no isoflavones were detected in the blood samples tested.
Additional animals in the study were fed a diet containing 0.005 g/kg E 2 as a positive control (Figure 1 ). At post-natal day 50 (PND50), rats were gavaged with a single dose of 80 mg/kg DMBA or sesame oil (Figure 1 ). This dose of DMBA has produced high mutant frequencies (MFs) between 16 and 18 weeks following treatment in BB and Fischer 344 rats (24) . The PND50 treatment was based on carcinogenesis studies that indicate that rats at this age have high density of terminal end buds, ductal structures that are more sensitive to DMBA-induced mammary tumors (30) .
After 2 weeks post-carcinogen treatment, rats were divided into two groups, and were either bilaterally ovariectomized (OVX) under ketamine/ xylazine (100 and 15 mg/kg, respectively) anesthesia or the ovaries remained intact (INT). The rationale for treating the animals with the carcinogen before OVX is based on the fact that sensitivity of the rat to mammary tumor induction by DMBA is, in part, dependent on the hormonal state of the Fig. 1 . Experimental design used to study the effects of isoflavones DZ, GE, DZG and E 2 on DMBA-induced mutagenicity and carcinogenicity in OVX and INT female BB rats 16 and 20 weeks, respectively, following a single DMBA oral gavage. Rats marked plus (+) were placed on diet containing isoflavone supplements and E 2 2 weeks before DMBA treatment. Rats marked with a hash (#) were gavaged with DMBA at PND50. Rats marked with an asterisk were OVX 2 weeks post-carcinogen treatment.
animal (31, 32) . Rats continued to have free access to food and water. Food consumption and body weight were recorded weekly.
Hprt mutagenesis assay
The Hprt experiments were conducted according to previously published methods (20, 21) with minor changes. Briefly, the cloning efficiency (CE) of non-selected cells was measured by adding four target cells (lymphocytes isolated from the spleen and cultured for 2 days) per well to 96-well microtiter plates (round bottom), whereas for 6-thioguanine (6-TG) selected cells, CE was measured by adding 5 · 10 4 cells/well. Following 10-day incubation, the plates were scored for clone formation and the CE was calculated from the number of negative wells, assuming a Poisson distribution of colonies. The MF was determined as the ratio of the CE in the selective plates to the CE in the non-selective plates.
DNA extraction from mammary epithelial cells and mammary gland Six mammary glands and surrounding fat pads were removed from the inguinal region of female rats, and stromal epithelial cells were isolated from freshly processed mammary gland tissue by collagenase digestion as described by Allaben et al. (33) . The mammary epithelial cells were further processed to isolate nuclei, and the genomic DNA was extracted from the nuclei using the BB Recoverase DNA isolation kit according to the manufacturer's instruction manual. The DNA was then resuspended in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.5) and quantified by UV absorption.
Mammary lacI mutation assay DNA extraction, lambda packaging and plating for lacI mutant plaques were carried out in 'blocked' manner so as to minimize bias from day-to-day variations in experimental procedures. The lacI containing lambda shuttle vector was recovered by mixing the genomic DNA extracted from mammary gland with Transpack in vitro l-phage packaging extract as described previously (24) . The resulting phages were pre-adsorbed to E.coli SCS-8 cells for 20 min at 37 C, mixed with pre-warmed NZY top agar containing 1.5 mg/ml of X-gal and poured into 250-mm assay trays containing BB media. The plates were incubated overnight at 37 C and scored for mutant blue plaques. Color control mutants were included in all plating, and the results were accepted only if mutant CMI could be detected. Packaging and plating were repeated for the DNA samples until at least 2 · 10 5 plaques were scored for each data point. The mutant blue plaques were picked into individual tubes containing 0.5 ml of SM buffer and 50 ml of chloroform. To confirm the mutant phenotypes, all recovered putative mutant phages from the 250-mm assay plates were diluted 1 : 100 and re-plated on 100-mm plates with 3.5 ml of top agarose containing 1.5 mg/ml of X-gal. The sectored plaques were also verified for their phenotype as specified in previous experiments (24) , and confirmed sectored plaques were separately scored. The lacI MF was calculated by dividing the number of verified mutant plaques by the total number of plaques analyzed.
PCNA/apoptosis analysis in mammary glands
The animals were killed at 27 weeks of age (20 weeks following DMBA treatment). The mammary glands were excised, fixed in 10% buffered formalin for 48-72 h and processed for 8 h on a Shandon Pathcenter Tissue Processor (Shandon, Pittsburg, PA). They were embedded in paraffin, sectioned at 4 mm and mounted on positive (+) charged slides. Cell proliferation indices were determined for all the tissue samples by immunohistochemical localization of proliferating cell nuclear antigen (PCNA), slightly modified from Foley et al. (34) . The slides were placed in xylene to remove paraffin, re-hydrated in a series of alcohol with decreasing water content and immersed in phosphate-buffered saline (PBS). Endogenous peroxidase was quenched with 3% H 2 O 2 containing 0.1% sodium azide. The sections were placed in antigen-retrieval solution consisting of 1% zinc sulfate in de-ionized water and heated for 7.5 min in a 700 W microwave oven on full power. Routine streptavidin procedures were then performed, beginning with 0.5% casein to block non-specific binding of subsequent antibody and sequential incubation of sections in a mouse monoclonal anti-PCNA antibody, biotinylated goat anti-mouse IgG (Boehringer-Mannheim, Indianapolis, IN) and streptavidin-conjugated horseradish peroxidase. The PCNA-positive cells were visualized by incubating the sections in 3,3 0 -diaminobenzidine hydrochloride (DAB) chromogen, followed by counterstaining with Mayer's hematoxylin. While unstained nuclei were identified as cells in the G 0 -phase of the cell cycle, those stained dark red represented S-phase cells, with the nuclei that have a light reddish tint stain counted as cells in G 1 -phase. The number of cells in each stage of the cell cycle was counted per a total of 1000 cells. For the enumeration of apoptotic cells, another set of slides was stained with the terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) as described by Gavrieli et al. (35) .
Histopathological analysis
At necropsy, the mammary glands were examined grossly, removed and preserved in 10% neutral buffered formalin. Lesion descriptions were recorded on the IANR (Individual Animal Necropsy Record Form). Tissues were trimmed, processed and embedded in Tissue Prep II, sectioned at 4-6 mm and stained with hematoxylin and eosin. In addition, select tissues were harvested for PCNA, apoptosis assay and in situ hybridization as described above. They were microscopically examined, and when applicable, non-neoplastic lesions were graded for severity.
Statistical analysis
MFs for the lacI and Hprt genes were analyzed as a function of dose by one-way ANOVA. Since the standard deviations of the MFs tended to increase with the magnitude of the response, a logarithmic transformation was performed before conducting the analyses. A paired t-test was used to compare the MFs between OVX and INT groups. One-way ANOVA followed by Holm-Sidak tests were used to analyze the PCNA and gross mammary tumor size data. c 2 -tests were used to analyze histopathology data.
Results
Mortality, body weight, organ weight and food intake In the OVX group, two animals receiving DZ 0.25 g/kg and treated with DMBA died early in the study. In INT animals, one rat in DMBA/E 2 group also died early in the study but the cause of death was undetermined. Six other animals in various groups treated with DMBA were found to be moribund and therefore euthanized. All of these animals had a gross observation of a mammary gland mass that was diagnosed as an adenocarcinoma and included in the mammary tumor data. Body weight and food intake were measured weekly during the course of the study. DZ or GE feeding had no effect on body weight gain. In both OVX and INT rats receiving E 2 with or without DMBA treatment, there was an increase in body weight, although the response was not statistically significant. Total food consumption was essentially similar for all the treatment groups (data not shown). The animals were killed at 20 weeks of age, and organs/tissues were excised, examined and weighed. Both OVX and INT rats fed DZ or GE diet alone or combined with DMBA had no effect on organ weights determined for selected tissues including the mammary gland (data not shown).
Mammary lacI mutagenesis
Mammary lacI MFs for both OVX and INT rats fed isoflavones and estradiol with or without DMBA treatment are listed in Table I . The isoflavones and E 2 intake alone generally produced a modest increase in the lacI MFs in both OVX and INT BB rats, but none of the responses was significantly higher than the control. INT BB rats treated with DMBA alone or treated with DMBA+ isoflavones and E 2 showed a significant increase in the lacI MFs as compared with their respective controls (P < 0.01), but none of the supplements or estradiol significantly altered the DMBAinduced lacI MF. In the OVX group, BB rats treated with DMBA alone or treated with DMBA+ isoflavones and E 2 showed a significant increase in the lacI MFs as compared with their respective controls (P < 0.01). Unlike the responses found for the INT group, BB OVX rats fed the isoflavone mixture [daidzein + genistein (DZG): 1 g/kg GE + 1 g/kg DZ] displayed a significant reduction in the DMBA-induced lacI MF (P < 0.05). To examine the effect of ovariectomy on the mutagenicity of DMBA or the isoflavones and E 2 in the mammary tissues, a comparison of the MFs in the INT and OVX groups was made. The lacI MFs in the DMBA-treated groups with or without isoflavone supplements were significantly higher for INT rats compared with those for OVX rats (P < 0.05), whereas the control MFs with or without isoflavone supplements or E 2 in the INT rats were not significantly different from those in the comparable OVX groups.
Lymphocyte Hprt mutagenesis
Lymphocyte Hprt MFs measured in OVX and INT BB rats fed the isoflavone supplements with or without DMBA treatment are reported in Table II . The isoflavones and E 2 intake alone generally produced a modest increase in the Hprt MFs in both OVX and INT BB rats, but none of the responses was significantly higher than the control. In the OVX group, BB rats treated with DMBA alone or treated with DMBA+ isoflavones and estradiol showed a significant increase in the Hprt MFs as compared with their respective controls (P < 0.01). None of the supplements or E 2 significantly altered the DMBA-induced Hprt MF. INT BB rats treated with DMBA alone or treated with DMBA+ isoflavones or E 2 showed a significant increase in the Hprt
MFs as compared with their respective controls (P < 0.01). Compared with OVX group, INT BB rats fed the high-dose DZ and isoflavone mixture showed a significant reduction in the DMBA-induced Hprt MF (P < 0.05). In contrast to the lacI MFs, the Hprt MFs measured in the DMBA-treated rats with or without isoflavone supplements or in the control rats with or without the isoflavones were not significantly different between INT and OVX rats (Table II) .
Mammary gland histopathology in OVX and INT rats
Both neoplastic and non-neoplastic lesions (%) in the mammary glands of OVX and INT rats fed isoflavones with DMBA are reported in Figure 2A and B, respectively. In the OVX group, although non-neoplastic changes such as atrophy and ductal hyperplasia predominated in most of the treatment groups, 20% of the BB rats fed E 2 and exposed to DMBA also had adenomas (Figure 2A ). The incidence of adenomas found only in E 2 -fed rats exposed to DMBA is probably associated with feeding exogenous E 2 to the OVX rats treated with the carcinogen. The incidence of atrophy observed in most of the treatments including control is probably attributable to ovariectomy and not treatmentrelated effects. However, the absence of atrophy and the Groups that had only four rats per group. Ã Significant differences were found between the rats treated with DMBA and those treated with vehicle only (P < 0.01). ÃÃ Significant changes were found among the groups treated with DMBA and among the groups treated with vehicle (P < 0.05). Groups that had only four rats per group. Ã Significant differences were found between the rats treated with DMBA and those treated with vehicle only (P < 0.01). ÃÃ Significant changes were found among the groups treated with DMBA and among the groups treated with vehicle (P < 0.05).
preponderance of ductal hyperplasia seen in BB rats fed high-dose DZ or the isoflavone mixture with or without DMBA exposure is probably due to an estrogenic effect of isoflavone DZ or its metabolite equol in OVX rats. On the contrary, BB rats fed both low and high doses of GE with or without DMBA treatment had mammary gland atrophy without hyperplasia (Figure 2A ). This suggests that even though both DZ and GE are isoflavones, they may differ in estrogenic strength in the mammary tissues of OVX rats. In contrast to the mammary gland of the OVX rats with minimal neoplastic lesions, in the INT group, adenoma and A B adenocarcinoma were detected in most of the isoflavone-fed rats treated with DMBA ( Figure 2B ). Although DMBA alone induced adenoma/adenocarcinomas in 40% of BB rats, the incidence of adenoma/adenocarcinoma was increased (60%) in rats receiving 0.25 g/kg DZ and 1.0 g/kg GE and to a lesser extent in animals given 0.25 g/kg GE, 1.0 g/kg DZ and 0.005 g/kg E 2 . The incidence of adenoma/adenocarcinoma was slightly lower (30%) relative to DMBA in rats fed the isoflavone mixture, 1.0 g/kg DZG, but none of these changes was significantly different from DMBA alone.
Gross examination of mammary lesions in the INT animals revealed that the mammary tumors in rats treated with DMBA alone were larger in size with an average size $!28 mm (data not shown). There was a slight reduction in the average tumor size among rats treated with low doses of DZ (17 mm) and GE (23 mm). The maximum reduction in tumor size, although non-significant, was seen among rats treated with high-dose GE (11 mm) and DZG (8 mm); no such reduction was realized in rats fed either high-dose DZ (25 mm) or E 2 (21 mm).
PCNA/apoptotic index in mammary tissues
The effect of dietary DZ, GE or E 2 either separately or combined with DMBA treatment on cell proliferation and apoptosis was assessed by PCNA immunohistochemistry and TUNEL, respectively (Figure 3) . In general, rats fed isoflavone diets in the INT group ( Figure 3A) had a slight increase in cell proliferation compared with OVX group (Figure 3B ). On the other hand, all of the treatment groups with DMBA exposure produced markedly higher response in Fig. 3 . Effect of DZ and GE on cell proliferation and apoptosis in the mammary tissues of INT (A) and OVX (B) rats. Values are mean ± SEM of 10 rats per treatment. Ã , Significantly different from DMBA alone at P < 0.05. ÃÃ , Significantly different from control diet at P < 0.05. cell proliferation than the respective controls. In the OVX group, although there was no difference in the number of apoptotic cells, low-dose GE and high-dose DZ with DMBA treatment produced significant increases in cell proliferation compared with DMBA alone (P < 0.05). In the INT group, rats fed with high-dose GE showed significantly higher number of cells in S-phase and G 1 -phase compared with cells in S-phase and G 1 -phase in rats fed control diets (P < 0.05). In addition, animals fed E 2 diet or high-dose DZ with DMBA exhibited significantly higher cell proliferation rates than animals exposed to DMBA alone (P < 0.05).
Discussion
The main focus of this study was to determine whether or not the intake of GE or DZ, phytoestrogens currently used by women for menopausal health (36, 37) , modulates DMBAinduced mutagenicity and carcinogenicity in the mammary glands of BB rats. The results indicate that lacI MFs were significantly increased in DMBA-treated animals compared with animals fed control diet without DMBA. In addition, feeding BB rats with low and high doses of DZ, GE or E 2 separately did not alter either spontaneous or chemically induced lacI MFs in rat mammary tissues (Table I) . However, feeding the animals a diet containing the mixture (DZG, 1 g/kg GE + 1 g/kg DZ) resulted in a significant reduction in the DMBA-induced lacI MF in the mammary tissues of the OVX rats (P < 0.05, Table I ). The lacI MFs in the DMBA-treated groups with or without isoflavone supplements were significantly higher in the INT rats compared with the OVX group (P < 0.05), indicating the potency of endogenous estrogens in augmenting DMBA mutagenicity. In contrast, the control MFs with or without isoflavone supplements or estradiol in the INT rats were not significantly different from the relative MFs in the OVX groups.
In addition to a target tissue, we examined a surrogate tissue, lymphocytes, for DMBA-induced effect in rats with and without ovaries. Unlike lacI MFs in mammary tissues, the Hprt MFs in lymphocytes showed no significant difference between INT and OVX rats (Table II) although DMBA mutagenicity was markedly higher in the INT mammary tissues, suggesting that the endogenous estrogen status did not influence DMBA-induced mutagenesis in lymphocytes. In addition, INT rats fed with high doses of GE and DZG showed significant reductions in DMBAinduced MFs (P < 0.05; Table II) in lymphocytes. Although the MFs measured in the target mammary and surrogate lymphocyte tissues involved two fundamentally different genes with different sensitivities for detecting mutations and therefore may not be comparable, the overall results suggest that the phytoestrogens can have different effects on different tissues depending on the presence or absence of estrogen receptors. However, the differential effects of DMBA metabolites in these tissues cannot be overlooked.
With the exception of rats fed the E 2 diet, mild atrophy was detected in the mammary glands of most of the treatment groups in the OVX animals ( Figure 2A) ; however, this condition was non-neoplastic and it was attributable to ovariectomy and was not a reflection of treatment-related effects. Animals exposed to a high dose of DZ or DZG and treated with DMBA had a mildly reduced severity in mammary gland atrophy. Animals fed the mixture had a marked increase in normally developed mammary gland compared with those treated with DMBA alone, suggesting the protective effect of dietary isoflavones. Since atrophy was absent in animals fed the E 2 diet, the reduction seen with the phytoestrogens clearly suggests an enhanced estrogenic action of DZ or GE when administered as a mixture. Also, the percentage of animals with mammary gland ductal hyperplasia (defined here as a relative increase per unit area of hypodermis of branching intralobular and/or interlobular ducts) was higher (100%) in OVX rats fed 1.0 g/kg DZ or the mixture alone (Figure 2A) . The incidence was low, but relatively marked in isoflavone-fed rats exposed to DMBA. A similar response was seen with E 2 either alone or combined with DMBA exposure. Interestingly, ductal hyperplasia was absent in OVX rats fed only the control diet or treated with DMBA alone (Figure 2A ). Ductal hyperplasia of the mammary tissues can be considered a precursor to the development of ductal carcinoma in situ (38, 39) . Hyperplasia is generally initiated by hormonal stimuli or other factors, and even though it reflects a non-neoplastic event such as cellular proliferation with neoplastic transformation potential, it also can serve as a physiological and adaptive response useful to organisms. Thus, the high incidence of ductal hyperplasia seen in OVX rats fed the isoflavone alone appears to relate to a physiological or adaptive response to the estrogenic action of DZ or GE. Although the effects of supplemental estrogens were nominal on PCNA-based cell proliferation ( Figure 3A) , this does not eliminate a causative effect on ductal hyperplasia. The PCNA assay provides a 'snap shot' of cell proliferation rates, and altered proliferation rates may have occurred before the time-point analysis.
Despite the significant DMBA mutagenic response seen in the OVX rats (Table I) , histopathological examination of the mammary tissues in this group revealed that DMBA exposure was not associated with mammary tumor induction (Figure 2A ). The lack of DMBA tumorigenicity in the mammary gland of OVX rats was not surprising because previous studies have indicated that the initiation and growth of mammary tumors by DMBA is greatly influenced by the presence or absence of estrogen (26, (40) (41) (42) (43) . It also has been demonstrated that administration of exogenous estrogen is accompanied by mammary tumor development in OVX rats exposed to DMBA (40) . Feeding DMBA-treated rats with E 2 in the present study resulted in a 20% incidence of adenomas (benign tumors) in the mammary glands of OVX rats. This response was associated with a 3-fold increase in PCNA: apoptosis ratio (cell proliferation : cell death), suggesting increased cell proliferation ( Figure 3B ). In the DMBA-treated rats fed DZ or GE no tumors were developed (Figure 2A) . The virtual absence of neoplasia in the face of DMBA exposure in DZ-and GE-fed OVX rats indicates, in part, that isoflavones are strongly estrogen receptor competitive weak agonists (potency 0.1% of estradiol), and may be less toxic in a menopausal condition when estrogen levels are low (44) .
Consistent with a high incidence of ductal hyperplasia observed in the isoflavone-treated animals in the OVX, this lesion also was prominent in INT rats given isoflavones with or without DMBA exposure (Figure 2A and B) . However, ductal hyperplasia also occurred in rats treated only with the carcinogen, and the majority of INT rats developed mammary tumors by 20 weeks following carcinogen treatment ( Figure 2B ). These pathological lesions in the mammary glands, classified as either adenoma or adenocarcinoma (benign or malignant tumors), were combined and their percentages are presented in Figure 2B . Almost 40% of the DMBA-treated rats developed adenoma/adenocarcinoma and 60% had ductal hyperplasia ( Figure 2B ). The carcinogenic potency of DMBA in the INT rats appears to be due to the presence of endogenous ovarian hormones including estrogens (44) (45) (46) (47) ; however, addition of exogenous E 2 did not augment the carcinogenic outcome of DMBA. Bradlow et al. (49) (50) (51) have proposed a possible role for E 2 metabolites, 2-hydroxyestrogen and 16 a-hydroxyestrone, in the development of breast cancer. The levels of 16a-hydroxy-E1 are elevated in rodent strains that are susceptible to mammary tumorigenesis and in breast cancer patients (52) (53) (54) . In contrast, increased levels of 2-hydroxyestsrogen are associated with protection from mammary tumor formation in both animal models and humans (53, (55) (56) (57) . Although we did not examine the mammary tissues for any of the metabolites of E 2 , the fact that E 2 exposure in INT rats failed to demonstrate significant enhancement in DMBAinduced carcinogenicity suggests an alteration in the ratio of E 2 metabolites in the BB rats that favored 2-hydroxyestrogen (the good metabolite), which was protective against DMBA exposure.
In the rats fed DZ or GE, there was a slight increase in the percentage of animals with DMBA-induced mammary tumors, but the responses were not statistically significant. Although GE and DZ slightly increased the number of tumorbearing animals, the high-dose GE substantially reduced the size of mammary tumors compared with tumor size seen in DMBA-treated rats alone, whereas this response was not observed in rats fed high-dose DZ where cell proliferation was significantly increased relative to GE ( Figure 3A) . Feeding DMBA-treated rats with the mixture resulted in a reduced mammary tumor incidence and tumor size. Since in DMBA-treated rats receiving DZ alone tumor size was increased, it appears that GE was more effective compared with DZ.
Although the observed increase in DMBA carcinogenicity by the isoflavones was not significant, it clearly demonstrates the intrinsic estrogenic activity of phytoestrogens. The fact that isoflavones can increase DMBA-induced carcinogenicity suggests that like estrogens these compounds can be cocarcinogens or tumor promoters in certain tissues if administered in the presence of a carcinogen or a preexisting DNA damage. An increase in DMBA-induced mammary adenocarcinoma by 1.0 g/kg GE in wild-type but not in estrogen receptor-a-knockout mice has been reported (15) . Chronic intake of 0.75 g/kg GE administered 6 weeks following carcinogen treatment or ovariectomy (when tumors had already developed) increased mammary gland tumors in Sprague-Dawley rats (16) . In addition, dietary GE 0.25 g/kg fed to female Fischer 344 rats exposed two times a week for 2 weeks with azoxymethane enhanced colon carcinogenesis (14) . In contrast, in the present study rats fed diets containing high dose, 1.0 g/kg, DZ or GE starting 2 weeks before DMBA treatment did not cause significant changes in mammary gland carcinogenesis in the INT rats ( Figure 2B ). Our results suggest that the isoflavones are comparatively weak estrogens since the mixture containing both high doses of DZ and GE slightly decreased tumor incidence in the mammary glands compared with E 2 . It should be noted, however, that BB rats were exposed to the carcinogen for up to 20 weeks compared with $30 weeks in previous studies (14, 16) ; this factor and the allocation of a limited number of rats for carcinogenicity study (10 rats per treatment) may have contributed to a lack of significant effects seen with the isoflavones. Thus, the short duration and perhaps the smaller sample size utilized in the present study limit our ability to attribute these findings solely to a weak estrogenic nature of the isoflavones.
In summary, our results indicate that the intake of DZ or GE commencing 2 weeks before carcinogen treatment in both OVX and INT BB rats did not result in significant mutagenic or carcinogenic changes in the mammary tissue. However, when DZ and GE were given in a mixture, there was a general reduction in DMBA-induced mutagenicity and carcinogenicity, suggesting that consumption of soy phytoestrogen mixture instead of single extracts is protective in DMBA-induced mammary gland carcinogenesis in the rat.
